Abstract-In this letter, a new type of highly stretchable strain sensor was developed to measure large deformation of a specimen subjected to dynamic loading. The sensor was based on the piezoresistive response of carbon nanotube (CNT)/polydimethylsiloxane (PDMS) composite thin films. The piezoresistive response of CNT composite gives fast response in strain measurement, whereas the ultrasoft PDMS matrix provides high flexibility and ductility for large strain measurement. Experimental results showed that the CNT/PDMS sensor is capable of measuring large strains (up to 26%) with an excellent linearity and ultrafast response (less than 30 μs). This stretchable strain sensor also exhibits much higher sensitivities, with a gauge factor of as high as 80, than the conventional foil strain gages. These strain sensing capabilities (large strain, ultafast response, high linearity, and high gauge factor) make the fabricated sensor suitable for high-rate dynamic loading test applications.
I. INTRODUCTION
Strain, as one of the key mechanical parameters, needs to be precisely measured in engineering applications. Many dynamic applications require large strain measurements and fast response. A direct strain measurement on the sample is usually preferred; however, it is limited by current sensor technology for large strain measurements with reasonably high speed response. A miniature strain sensor would further help to measure the specified local deformation of materials, components, and even structures, which will benefit the experimental validation of material models. Conventional foil strain gages based on the piezoresistive effect of metals have been commonly used in both quasi-static and dynamic experiments to measure the specimen strain due to their high frequency response and linearity. However, the very limited measureable strain range (∼5%) of the metallic foil strain gages prevents the applications for large strain measurements. Digital image correlation (DIC) has been recently developed for non-contact full-field strain measurements [1] - [3] . In this method, a speckle pattern is prepared on the surface of the specimen and a digital camera is used to capture the images of the speckles during the test. Strain can then be calculated by correlating these speckles on the captured images. This non-contact method allows relatively large strain measurements. However, when DIC is applied for dynamic testing, it requires implementation of a high-speed camera with high resolutions and a large amount of recording frames to capture sufficient images over the entire duration of dynamic loading. In addition, dynamic DIC technique requires reliable speckle patterns that can survive under dynamic loading and highly intensive lighting on the specimen for short exposure time. Furthermore, DIC may not be applicable in some engineering circumstances where the camera and lighting are not easily installed. Therefore, it is desirable to develop a new type of strain sensor with high flexibility and miniature size to measure relatively large local deformation with fast response to loading.
Recently, nano-scale materials have shown to be promising materials for the development of strain sensors due to small size and enhanced electrical and mechanical performance. Carbon nanotubes (CNT), graphene, and metallic nanowires have been studied and reported to replace conventional metal and semiconductors in straingage type applications. Lipomi et al. [4] investigated the capacitance properties of conductive, transparent, and stretchable carbon nanotube film, which can accommodate strains up to 150%, and developed a transparent strain sensor [4] . Yamada et al. [5] aligned single-wall carbon nanotubes together to fabricate another type of thin film strain sensor. This thin-film type of strain sensor is highly flexible to be applied into stocking, bandages and gloves for detecting human motions. This strain sensor was capable of measuring strains up to 280% but with poor linearity. In addition, this sensor exhibited a reasonably fast response but still with a delay time of ∼14 ms [5] . Based on the concept of printed circuit board (PCB), Larmagnac et al [6] developed Ag-PDMS based stretchable sensors where PDMS and Ag contribute to stretchability and conductivity, respectively. Yan et al [7] developed another type of strain sensor by embedding a free standing flexible three-dimensional graphene and anocellulose based nanopaper into a stretchable elastomer matrix. The strain sensor was made into a U shape and could be stretched up to 100% [7] . Recently, Roh et al. [8] developed a sandwich-like nano-hybrid film sensor that was made of single wall carbon nanotubes and conductive elastomers. The polyurethane (PU)-poly(3,4-ethylenedioxythiophene) polystyenesulfonate (PEDOT:PSS) based strain sensor made itself highly stretchable, sensitive, transparent, and patchable to detect human emotion expressions. In general, the previously developed stretchable strain sensors were capable of large strain measurement up to 280% but incapable of maintaining a good linearity within a relatively large measurement range. More importantly, the previous sensors have long respond time (several milliseconds), which makes them unsuitable for dynamic loading tests that require response time in tens of microseconds. In addition, the fabrication processes of those sensors were so complex that they were usually intended for very limited laboratory applications. The fabrication processes also need to be modified to improve the high frequency response of the stretchable strain sensors as well as to make them easily bond to different surfaces [9] , [10] .
In this research, a nano-composite based ultra-stretchable thin film strain sensor was developed for high-rate, large strain measurements for specimens subjected to high-rate impact loading. A simple fabrication process was used to fabricate the composite thin film which makes it easy to scale up and gives strong bonding to the substrate. The fabricated sensor shows high linearity for large strains and ultra-fast in response to loading.
II. METHOD

A. Materials
The polydimethylsiloxane (PDMS) used in this study was Sylgard 184 by Dow Corning. The single-walled CNTs were provided by Timesnano, China (average diameter <2 nm and length of 5 ∼ 30 μm). A primer (92-023, Dow Corning) was used to enhance the adhesion between PDMS and metal substrate. The surfactant used for dispersing the CNTs was sodium dodecylbenzene sulfonate (NaDDBS) provided by Sigma-Aldrich Co., USA. In addition to CNTs, nickel micro particles with needle-like surface (Type 123, Inco Ltd., CA) were also added to improve the compressive sensing performance [11] , [12] .
B. CNT/PDMS Composite Fabrication
Due to the high viscosity of PDMS, it is very difficult to uniformly disperse single walled CNTs into elastic PDMS matrix to formulate the composite. In this study, PDMS was firstly dissolved into toluene to reduce its viscosity. CNTs were also separately dissolved into toluene with the assistance of surfactant NaDDBS and ultrasonic. The CNT dispersion was then added into the PDMS solution. With continuous magnetic stirring, toluene was evaporated and, as a consequence, a uniformly mixed CNT/PDMS composite was produced. A crosslinker, whose weight is 10% of PDMS, was then added into the CNT/PDMS composite to make a final mass ratio of CNT and PDMS as 1:4 in the composite.
C. Sensor Fabrication
The CNT/PDMS composite was then deposited on metal substrates. Prior to deposition, the metal substrates were rubbed by abrasive paper, cleaned with acetone, and then coated with a thin layer of pure PDMS for electric insulation (PDMS was cured for 12 hours at 70°C). Gold wires, with a diameter of 50 micrometer, were attached on the top of the PDMS layer with silver epoxy to work as the electrodes. The thin film CNT/PDMS composite was coated over the gold wires and cured for over 12 hours at 70°C and then covered with another layer of pure PDMS for protection. Fig. 1(a) shows a picture of a fabricated sensor on a 6061-T6 aluminum specimen. The tiny black rectangle in the center is the sensing area of approximately 2 × 1 mm 2 . Fig. 1(b) shows a schematic of the cross-section of the sensor, and Fig. 1(c) presents a scanning electronic microscope (SEM) picture of CNT/Ni/PDMS composite. As shown in Fig. 1(c) , the nickel particles were observed in the composite and most of the CNTs were covered by PDMS.
D. Measurement Method
The sensors were tested in both quasi-static and dynamic experiments. The quasi-static test was performed with a Shimadzu Universal Materials Testing Machine and the sensor outputs were directly compared with an extensometer (Epsilon 3442) attached to the specimen. The dynamic tests were performed with a Kolsky bar and the sensor outputs were compared with the strain gauge attached on the Kolsky tension bar.
Since the resistance of the CNT/PDMS composite changes while being stretched, an electric circuit with an additional constant reference resistor was designed, as shown in Fig. 2 (a) to measure the resistance change of the sensor. It is noted that CNT/PDMS composite is not only a resistive element but also a capacitive element. When a constant DC voltage is applied, the internal capacitor of the sensor will be charged which consequently results in electrical polarization to drift the sensor measurement. Therefore, an 18 V, 60 Hz AC power supply was used to power the sensor in in the circuit shown in Fig. 2(a) for quasi-static tests. Also for quasi-static tests, the voltage outputs on the sensor and the extensometer are measured by a dynamic data acquisition system (DT9837, Data Translation Inc) with a sampling rate of 1000 Hz, as shown in Fig. 2(b) . For the high-rate Kolsky bar tests, since the duration of loading in dynamic tests is on the order of microseconds, the polarization effect of the sensor could be ignored. A DC power supply was used to power the sensor and the voltage data were acquired with a high-speed digital oscilloscope (DPO7104C, Tektronix) at a sampling rate of 5 MHz, as Fig. 2(C) ). Fig. 3 shows the quasi-static outputs ( R/R) of the CNT/PDMS strain sensors with different compositions versus the strain measurement with the extensometer on the aluminum specimen surface. The red, green, and blue lines represent the response of the strain sensors made of 20% CNT/PDMS, 20%CNT/25%Ni/PDMS, and 20% CNT/50%Ni/PDMS composites, respectively.
III. RESULTS AND DISCUSSION
A. Quasi-Static Testing of the CNT/PDMS Strain Sensor
As shown in Fig. 3 , the 20%CNT/PDMS strain sensor exhibits linear response to a larger strain (it is noted that the CNT/PDMS was characterized up to 8% strain where the aluminum specimen was failed). In addition, this sensor also exhibited a higher sensitivity than conventional foil strain gages. The gauge factor ( R R.Strain ) of the CNT/PDMS sensor was calculated as ∼11 versus ∼2 for conventional foil strain gages. The addition of nickel particles can enhance the piezoresistity of the composite (the sensitivity of 20%CNT50%Ni composite reaches to 80) but impacted the linearity of the sensors as well.
Stainless steel specimens were also used to characterize the response of the strain sensor in a relative larger strain range. In this case, the sensor made by the same 20% CNT/PDMS composite as above was used. Fig. 4 shows the output ( R/R) of the 20%CNT/PDMS strain sensor versus the strain measurement with the extensometer. The 20%CNT/PDMS sensor exhibited a reasonably linear response, with the same gauge factor of ∼11, to strains up to 25%. 
B. Cyclic Load Tests of the CNT/PDMS Strain Sensor.
The CNT/PDMS strain sensors were also tested under cyclic loads to examine its frequency response for potential vibration and dynamic strain measurements. The tests were performed with the same Shimadzu Universal Materials Testing Machine but at different cycling rates, e.g., 2 mm/min and 4 mm/min. The maximum displacement was controlled to ensure that the specimens deformed within the elastic region. Fig 5(a) and (b) show the results of the sensor with 20% CNT/PDMS composites; Fig 5(c) and d) are the results of the sensor with 20% CNT/25% Ni/PDMS composite. The results show that all sensors exhibited nearly instantaneous response to external loading but a little hysteretic response to unloading, which is possibly due to the nature of hysteresis of the polymer matrix [12] . However, the hysteresis does not significantly affect the frequency and magnitude measurements of the cyclic loading, as evidenced by the consistency with the extensometer measurements.
C. Dynamic Test of the CNT/PDMS Strain Sensor with Kolsky Bars
The fabricated strain sensor was dynamically characterized with a Kolsky tension bar (20% CNT/PDMS composite is chosen for its better linearity than CNT/Ni/PDMS composites). Fig. 6(a) shows the picture of the strain sensor on a stainless steel cylindrical specimen before the Kolsky tension bar test; whereas the picture of the failed specimen after dynamic test is shown in Fig. 6(b) . Fig. 7 shows the time history of the sensor output compared to the specimen strain calculated with conventional Kolsky tension bar data reduction procedure [13] . The results indicate that the CNT/PDMS strain sensor responded nearly instantaneously to the specimen deformation which is much faster than other reported CNT composite sensors (shortest reported delay time is 14 ms in [5] , while this sensor responded in less than 30 μs). The difference between the two sensor outputs is due to the different measurement locations of these two strain sensors. In conventional Kolsky bar tests, strain sensors were placed on the Kolsky bars, thus the measured specimen strain represents average strain over the entire gage section of the specimen. However, CNT/PDMS sensor is locally located at the deformation area, thus the R of the CNT/PDMS sensor represents the local strain in the measurement area. When the specimen deforms uniformly, both measurements yield the same results. However, when the specimen approaches necking at larger strains, i.e., 10%, the specimen strain becomes localized due to necking, resulting in a larger strain in the necking area than the average specimen strain. This means the CNT/PDMS sensor should have a higher output than the strain measured on Kolsky tension bar, which is supported by the experimental data in Fig. 7 .
IV. CONCLUSION
In this research, highly stretchable miniature CNT/PDMS composite strain sensors were designed, fabricated, and characterized under a variety of loading conditions. Experimental results showed that the developed sensors can measure large strains up to 25% with high linearity and ultra-fast response to loading (almost 500 times faster than previously reported CNT strain sensors). The dynamic Kolsky bar test results demonstrated that the developed strain sensors are capable of dynamic specimen strain measurements. Although the unloading performance of the CNT sensor still needs to be further improved, this does not affect its application for dynamic test as the sensor will just go through from original status to break for the high-speed dynamic test application, with no unloading is involved. Therefore, the developed sensors demonstrated the potential for high-rate, large strain measurement applications
